ABSTRACT
several gene mutations and copy number variations 1, 8, 9 ) and the limited number of postmortem examinations available.
The topographic distribution of polymicrogyria may be focal, multifocal, or diffuse; unilateral or bilateral; and symmetric or asymmetric. [10] [11] [12] [13] [14] [15] Polymicrogyria can occur as an isolated disorder or can be associated with other brain abnormalities such as corpus callosum dysgenesis, cerebellar hypoplasia, schizencephaly, and periventricular and subcortical heterotopia. 16, 17 Clinical manifestations of patients with polymicrogyria have a large spectrum, ranging from isolated selective impairment of cognitive function 18 to severe encephalopathy and intractable epilepsy. 19 The severity of neurologic manifestations and the age at presentation are, in part, influenced by the extent and location of the cortical malformation but may also depend on its specific etiology.
Neuroimaging has a primary role in the diagnosis and classification of polymicrogyria due to its noninvasive nature. Imaging findings are variable and are primarily determined by the morphology of the malformed cortex itself but also by the maturity of myelination and imaging-related technical factors (section thickness, gray-white matter contrast). 20 In addition, polymicrogyria-like patterns can be seen in certain malformations, such as tubulinopathies 21 and cobblestone malformations [22] [23] [24] ; these have different histologic appearances but similar MR imaging appearances to polymicrogyria, which can lead to false diagnoses. On the basis of morphologic characteristics, Barkovich 2, 20 described the variable appearance of polymicrogyria on MR imaging and suggested that the gyral-sulcal dysmorphisms may be roughly divided into 3 main categories: coarse with a thick, bumpy cortex and irregular surface on both the pial and gray-white junction sides; delicate with multiple small, fine gyri of thin cortex that remains thin even after myelination; and sawtooth, composed of thin microgyri separated by deep sulci (primarily seen in diffuse polymicrogyria and before myelination develops). However, numerous gradations of morphology exist within these groups. To date, neither functional nor etiologic associations have been inferred on the basis of this imaging categorization of a polymicrogyric cortex. Over the past several years, ultra-high-field 7T MR imaging has been available for in vivo human brain imaging. In vivo 7T MR imaging can provide greater tissue-type identification than that obtained in vitro without stains. 25 As a result of an increased signal-to-noise ratio, enhanced image contrast, and improved resolution, MR imaging at 7T can visualize small anatomic structures not previously appreciated at lower fields. [25] [26] [27] [28] Because 7T
MR imaging has already provided diagnostic benefits in different pathologies 28 such as multiple sclerosis, 29 cerebrovascular diseases (strokes, microbleeds), 30, 31 aneurysms, 32 cavernous malformations, 33 brain tumors, 34 and degenerative brain diseases like dementia and Parkinson disease, 35, 36 we tested the added value of 7T MR imaging in providing details of structural changes and their extent in 10 patients with polymicrogyria with respect to conventional 3T imaging. We also addressed the limitations we encountered while exploring the polymicrogyric brain with 7T.
MATERIALS AND METHODS

Ethics Statement
Written informed consent was obtained from all patients and is recorded on file. The experimental protocol named "Evaluation of dysplastic cortical lesions and dysembryoplastic tumors by using ultra-high field MR imaging target imaging" Project 133/11 was funded by the Pisa Foundation and approved by the local competent ethics committee and the Italian Ministry of Health. The procedures followed were in accordance with institutional guidelines and included an adverse event form.
Subjects
Between June 2013 and October 2013, we enrolled, from our cortical malformation data base, 10 adult patients (4 men and 6 women) with polymicrogyria previously imaged at 3T. Exclusion criteria were age younger than 18 years and any contraindications to MR imaging. Polymicrogyria, as assessed by previous 3T MR imaging, had been classified as bilateral perisylvian in 2 patients, unilateral perisylvian in 7 patients, and diffuse in 1 patient. The mean age was 30.1 years (range, 21-53 years). Clinical details are described in On-line Table 1 .
Data Acquisition
All 10 patients were imaged at both 3T (Excite HDx; GE Healthcare, Milwaukee, Wisconsin, equipped with a GE 8-channel head coil) and 7T (Discovery MR 950 scanner; GE Healthcare, equipped with a 2-channel transmit/32-channel-receive head coil, Nova Medical, Wilmington, Massachusetts). All participants received earplugs and a pair of pads covering the ears to limit acoustic noise. The 3T MR imaging standard protocol included the following sequences: 3D T1-weighted fast-spoiled gradient echo (FSPGR), 2D T2 FLAIR, 2D T2-weighted FSE, and 2D white matter-suppressed FSE inversion recovery (IR). The 7T MR imaging protocol included the following sequences: 3D T1-weighted FSPGR, 3D susceptibility-weighted angiography (SWAN), 2D T2*-weighted targeted dual-echo gradient-recalled echo (GRE), 2D T2-weighted FSE, and 2D gray-white matter tissue border enhancement (TBE) FSE-IR. TBE is an IR sequence that uses an appropriate TI to produce images in which the interface between 2 neighboring tissues of interest is hypointense; therefore, tissue borders are clearly represented by dark lines. This effect is achieved by setting imaging parameters so that the neighboring tissues have magnetization with equal magnitude but out of phase; therefore, the voxels containing a mixture of each tissue (ie, the tissue interface) possess minimal net signal. 37 Therefore, the hypointense line-marking tissue interface produced by TBE does not reflect any specific fiber structure. Details of imaging parameters for 3T and 7T imaging are shown in On-line Table 2 .
To limit specific absorption rate-related problems, image distortions and stronger susceptibility phenomena related to ultrahigh-field, whole-brain 7T imaging included only SWAN and FSPGR sequences, with the remaining sequences targeting specific regions of interest by using small FOVs and a limited number of sections. To select the areas of interest for targeted imaging, we were guided by initial 7T whole-brain sequences.
Data Analysis
All 7T images were independently assessed by 3 reviewers and later as a group to reach a consensus for eligibility. 3T and 7T images were assessed separately in each patient. Polymicrogyria was diagnosed with satisfaction of the combination of these characteristics: 1) the cortex had an irregular outer surface with an abnormal gyral pattern, 2) the cortex appeared thickened or overfolded, and 3) the cortical-white matter junction was irregular. 38 We reviewed all images for the following findings: 1) topographic pattern of polymicrogyria, 2) extent, 3) symmetry (if bilateral), 4) range of gyral-sulcal dysmorphisms, and 5) associated abnormalities. We classified the topographic pattern according to the different patterns described in the literature: focal, bilateral frontal, bilateral perisylvian (which varies in the extent of involvement), bilateral parieto-occipital, and diffuse polymicrogyria.
The 3T and 7T images were assessed digitally with a workstation (Advantage 4.1; GE Healthcare). 3D images were reformatted in orthogonal planes to better evaluate the cortical thickening and to rule out partial volume artifacts.
The postprocessing of SWAN images was performed by using the minimum intensity projection algorithm and multiplanar reformation techniques. The minimum intensity projection algorithm has the characteristic of enhancing the visualization of veins while attenuating the signal from the brain tissue. Conversely, tissue border enhancement images do not require additional postprocessing.
RESULTS
All imaging sessions were well-tolerated by the patients, and no adverse events occurred. Brain MR imaging findings and clinical details of all patients are summarized in On-line Table 1 .
At 3T, we observed perisylvian polymicrogyria that was unilateral in 7 patients and bilateral in 2. Of the 7 patients with unilateral polymicrogyria, 6 had multilobar involvement, and in 1, only a portion of the Sylvian fissure was involved (Fig 1) . One patient had diffuse polymicrogyria.
A range of gyral-sulcal dysmorphisms emerged at 3T (Fig 2A and On-line Fig 1A) , all falling into the categorization formulated by Barkovich, 2 with 6 of 10 patients having dysmorphisms with a coarse appearance and the remaining 4 having a coarse together with a delicate appearance.
The thickness of the polymicrogyric cortex, measured with FSPGR imaging, ranged from 3.7 to 12 mm (the thickness of the normal cortex at 3T ranged from 1.6 to 4 mm), with great variability even between adjacent cortical regions.
In 3 patients, polymicrogyria was an isolated abnormality, while in the remaining 7 patients, we detected additional subcortical abnormalities: unilaterally (n ϭ 1) or bilaterally (n ϭ 4) dilated ventricles, unilateral (n ϭ 2) or bilateral (n ϭ 2) hippocampal abnormalities, absence of the septum pellucidum (n ϭ 2), cavum vergae (n ϭ 1), unilateral periventricular nodular het- erotopia (n ϭ 2), and unilateral open-lip schizencephaly (n ϭ 1). White matter volume reduction was apparent under the polymicrogyric cortex in all patients. One patient exhibited left intraorbital cavernous hemangiomas and a left soft-tissue hemangioma and hypertrophy of the right Sylvian and medullary veins.
7T provided additional details to 3T findings and revealed more extensive areas of polymicrogyria in all patients. In particular, in 3 patients (patients 4, 7, and 8) in whom 3T FSPGR imaging had revealed unilateral polymicrogyria, 7T SWAN imaging confirmed a unilateral distribution but detected more extensive involvement (Fig 1) . In 3 patients with bilateral polymicrogyria at 3T (patients 1, 3, and 9), 7T SWAN revealed more extensive involvement. Four patients (patients 2, 5, 6, and 10) who had been classified as having unilateral polymicrogyria at 3T exhibited bilateral involvement at 7T (On-line Fig 2) . In patient 2, 3T FSPGR showed left posterior polymicrogyria engaging the left temporoinsuloparietal region and the medium and superior occipital gyri. 7T SWAN imaging disclosed that polymicrogyria also involved the right posterior insula. In patient 5, in whom 3T FSPGR showed left frontotemporoparietal polymicrogyria along the whole Sylvian fissure, 7T SWAN revealed polymicrogyria also in the right frontal operculum. In patients 6 and 10, the polymicrogyric cortex had right temporoparietal distribution at 3T FSPGR, while 7T disclosed abnormal infolding and thickening of the left frontal operculum. In patient 10, 7T SWAN also showed that polymicrogyria involved the area around the whole left Sylvian fissure, left anterior insula, and left anterior temporal region.
The increased signal-to-noise ratio and the increased sensitivity to magnetic susceptibility effects on SWAN sequences at 7T combined with high-resolution images with enhanced intracortical contrast provided improved polymicrogyria detailing by making it possible to identify details in the entire cortex: the lowest part of the sulcus, the intermediate zone, and the crown of the gyrus. The different categories of gyral and sulcal dysmorphisms seen at 3T (coarse, delicate, sawtooth) were not identifiable as such at 7T, in that SWAN images revealed a homogeneous morphologic character (Fig 2B and Online Fig 1B) . The malformed cortex, measured by using SWAN imaging, was 0.78-to 7-mm thick (the normal cortex was 1-2.89 mm), exhibiting an undulated profile at the gray-white matter junction and bordered by a thin hypointense line, which was considered to represent the arcuate white matter fibers. Within the abnormal cortex, small linear hypointense transcortical lines perpendicular to the cortical layers, probably representing the larger transcortical blood vessels, were present. The hypointense lines of the cortical border combined with those within the cortex contributed to generating the typical polymicrogyric appearance of the cortical ribbon at 7T (Fig 2C, -D) . In all patients, SWAN imaging revealed numerous dilated superficial veins draining the deeper infoldings of polymicrogyria, which were not visible at 3T by using conventional (FSPGR, FSE, and IR) sequences. These large venous structures, which have been described previously, 39 appeared to be roughly proportional to
FIG 2. Patients 1 (A and B) and 9 (C and D). Comparison of 3T axial 3D FSPGR (A) and 7T axial 3D SWAN (B) images. Contiguous 7T axial 3D SWAN acquisitions show anatomic details of the polymicrogyric cortex (C and D).
A, Delicate appearance of the polymicrogyric cortex in the left pre-and postcentral sulci, characterized by multiple small and delicate gyri of thin cortex (arrow). B, A thin and undulated polymicrogyric cortex, in which the spaces between microgyri are filled by thin white matter digitations, which have a low periodicity and are loosely packed. The gray-white matter junction is bordered by a thin hypointense line. 7T can, therefore, resolve the individual microgyri, revealing how grossly different morphologic characters (coarse or delicate) at 3T result, in fact, from variations of a common underlying morphologic pattern. B, Examples of cortical thickness measurements of normal (2.23 mm) and polymicrogyric cortex (1.13-5.22 mm) by using the straight-line distance measure between the surface and depth of the cortex. C and D, SWAN images show details of cortical structures and allow disentanglement of the structural units underlying the radiologic appearance of polymicrogyria. The typical undulated aspect is clearly detectable following the hypointense lines of the cortical border (arrowheads), which we assume represent arcuate white matter fibers, the white matter digitations within the gyri (arrows), the small vessels joining the pial veins (asterisks), and the fused molecular layer (crosses). the depth/size of the cortical infolding and extent of polymicrogyria (Fig 3) .
In all patients, TBE imaging revealed a hypointense line corresponding to the gray-white matter interface, providing a high definition of the borders of the polymicrogyric cortex (On-line Figs 3 and 4) . TBE imaging substantiated SWAN findings and, providing a precise topographic definition of the gray-white matter junction, made the examiner more confident about the extent of polymicrogyria, especially when the border between gray and white matter was poorly defined or the polymicrogyric cortex merged with a seemingly normal cortex (On-line Figs 3 and 4) .
The diagnostic gain obtained at 7T originated from the improved image and contrast resolution of SWAN sequences and, to a lesser degree, from 2D GRE images. GRE sequences revealed cortical and pial veins and small vessels inside the cortex less precisely than SWAN. With GRE, cortical layering was less defined, the arcuate white matter fibers could not be visualized, and white matter digitations within the gyri were less conspicuous than those observed by using SWAN or TBE. GRE defined the complexity of cortical gyration better than FSPGR but worse than SWAN and TBE. T2-weighted FSE at 7T did not provide additional information with respect to the same sequence at 3T and had lower contrast and spatial resolution than GRE.
DISCUSSION
Accurate MR imaging depiction of polymicrogyria has important implications for correlating clinical severity with the extent of cortical abnormality, 20, 38, 40 guiding genotyping of specific malformation patterns, 1 and delineating the resection margins in patients who are candidates for epilepsy surgery. [41] [42] [43] [44] In this series, 7T SWAN imaging provided improved structural cortical details with more accurate information on cortical thickness, sulcal pattern, and cerebral veins. At 7T, the polymicrogyric cortex exhibited a highly variable thickness, ranging from 0.78 to 7 mm, close to pathology-specimen measures, 25 with bumpy inner and outer surfaces, broad gyri, and shallow sulci. 7T SWAN imaging also allowed better qualitative assessment of sulcal patterns compared with conventional 3T imaging. Due to high spatial resolution and increased contrast within the cortex of 7T SWAN imaging, the gyral-sulcal dysmorphisms of polymicrogyria 2 visible at 3T FSPGR appeared as a highly characteristic undulated pattern of contiguous densely packed microgyri. The polymicrogyric cortex, seen in some of the 3T FSPGR images as thick, rough, and blurred, was merely a poorly resolved image of more deeply undulating thin gyri, with the apparent cortical thickening generated by lower contrast and resolution that result from conventional sequences and field strengths. The significance of the deeper undulations remains to be determined. Combining 7T high spatial resolution with 3D SWAN sequences. we uncovered bilateral involvement in 4 patients who had been diagnosed as exhibiting unilateral abnormalities at 3T. In addition to the SWAN imaging, we used a custom-designed TBE sequence, which produced a hypointense line along the graywhite matter interface, thereby providing a high definition of the undulating polymicrogyric borders and, together with improved resolution on SWAN images, allowed improved differentiation from adjacent normal cortex. TBE images substantiated the extent of malformation observed by using SWAN imaging and revealed the borders of polymicrogyria in those areas where the gray-white matter junction was poorly defined or the polymicrogyric cortex merged with the normal cortex.
In addition to producing more accurate morphologic details of the polymicrogyric cortex, SWAN imaging at 7T detected deoxygenated venous blood that allowed visualization of the superficial and deep cerebral veins. Although 3T SWAN can also visualize venous abnormalities, there is no previous report emphasizing this finding at 3T, to our knowledge. At 7T, the polymicrogyric cortex was shown to harbor numerous dilated superficial veins, whose representation seemed to be roughly proportional to the extent and severity of the cortical malformation. The pial veins were visible as linear hypointensities, orthogonal to and penetrating into the cortex. Following the expected course of the sulci, the pial veins defined the complexity of cortical gyration, revealing the contour of polymicrogyria. SWAN-minimum intensity projection images, which enhance the visualization of veins while attenuating the signal from brain tissue, revealed large vascular structures running through the sulci, draining from the polymicrogyric cortex into the pial veins. These findings reinforce previous imaging observations indicating anomalous venous drainage in dysplastic cortical areas. 39, 45 On the other hand, although perfusion failure is a recognized cause of polymicrogyria, there is no reported neuropathologic evidence of vascular malformations associated with it. 6, [46] [47] [48] [49] Abnormal venous drainage might develop as a response to an event, such as cortical injury, during fetal development 50 and is probably the result of a lack of condensation of cortical veins with persistence of embryonic dural plexus tributaries. 45 Based on the prominence of vascular abnormalities in polymicrogyria, one may hypothesize that they are involved in its etiopathogenesis. For instance, a causative role of venous abnormalities has been suggested in patients with Sturge-Weber syndrome and polymicrogyria in the region underlying pial angiomatosis. 38, 51, 52 One hypothesis concerning the cause of Sturge-Weber is that leptomeningeal vascular dysplasia leads to impaired perfusion, especially in regard to microvenular drainage, which produces blood stasis with progressive hypoperfusion and ischemia. 53 Alternatively, cortical dysgenesis could result from the abnormal expression of a factor playing a role in both vascular and cortical development. 54 On the basis of the observation that cryogenic lesions in the cortex of neonatal rats can produce focal microgyria and subsequent abnormal vascularization, it has also been suggested that cortical venous abnormalities in polymicrogyria might be the consequence, and not the cause, of abnormal cortical development. 55 However, it is not clear that lesion-induced polymicrogyria in the normally agyric rat cortex is the same malformation as the polymicrogyria found in gyrencephalic humans. On the basis of the frequent location of polymicrogyria in watershed vascular territories and on evidence of laminar necrosis in brain specimens, 7, 49, [56] [57] [58] [59] some authors have suggested that polymicrogyria might result from arterial ischemia during the second trimester of gestation. Due to lack of arterial sequences in our study, however, we could not exclude the presence of arterial dysplasia in our patients and can only speculate on arterial dysgenesis as a possible cause of prenatal ischemia. In addition, we studied adult patients with normal or nearly normal cognitive function whose main clinical problem was epilepsy. These clinical features might have characterized a subpopulation with a specific subtype of polymicrogyria or a specific etiology, which is certainly not representative of the larger population of individuals with polymicrogyria, in which varied etiologic factors other than vascular might be prevalent. Polymicrogyria and polymicrogyria-like malformations have indeed been associated with mutations of various genes, including COL18A1, PAX6, KIAA1279, RAB3GAP1, RAB3GAP2, TUBA1A, TUBB2B, TUBB3, TUBA8, TUBB5, TBR2, and WDR62 and different copy number variations. 8, [60] [61] [62] [63] [64] However, paucity of neuropathologic observations limits our ability to understand how comparable morphologic changes are in these conditions. Moreover, the large majority of cases of polymicrogyria are not caused by alterations of any known gene. 7T MR imaging will hopefully make it possible to better evaluate and classify specific polymicrogyria phenotypes and, by reducing sample heterogeneity, improve the approach to genetic studies, leading to a higher diagnostic yield. Genetic characterization of patients with polymicrogyria might ultimately lead to improved outcome prediction. 65 Quantitative measurements of abnormal sulcal patterns have made it possible to correlate morphologic abnormalities with language impairment. 66 Future 7T functional MR imaging studies are needed to clarify the correlation between abnormal sulcal patterns and functional impairment. Approximately 78%-87% of patients with polymicrogyria have epilepsy. 38, 67 Associated epilepsy is often intractable, but only a limited number of patients are eligible for surgical treatment and invasive recordings are necessary in most to define eloquent cortex and the area to be removed. 41, 43, 44 Although the final surgical margins are determined by the use of depth electrode recordings or by corticography in the operating theater, 7T MR imaging may help presurgical planning for patients with polymicrogyria-related epilepsy by providing a clearer assessment of the margins of the polymicrogyric cortex and revealing previously undetected bilateral abnormalities. Although we demonstrated some obvious advantages offered by 7T, we also found limitations inherent its use. The protocols and acquisition methods we used for 3T and 7T MR imaging were different, and both relaxivity and susceptibility effects differ significantly at these various field strengths. In addition, optimal protocols at 7T have not yet been implemented. SWAN and TBE sequences were not included in our standard 3T MR imaging protocol and could not be directly compared with 7T acquisitions. When imaged at conventional field strengths, patients with polymicrogyria are not evaluated with GRE images but primarily with FSPGR, FSE, or IR sequences. At 7T, the inhomogeneous radiofrequency energy deposition and the increased susceptibility effect may cause signal inhomogeneity or image distortion. To remain within the specific absorption rate limits and reduce image distortion and stronger susceptibility phenomena, we acquired targeted images with small FOVs and a few sections focused on regions of interest at 7T. Therefore, we could not image the entire brain as instead it was feasible at lower field strengths. In particular, in order not to exceed the specific absorption rate limits imposed by regulations (International Electrotechnical Commission Standards for Medical Electrical Equipment 60601-2-33), for FSE, it was possible to acquire 10 sections within 1 single acquisition, while for TBE, 10 sections were acquired during 2 separate series of 5 sections each.
An additional limitation of our study is that none of our patients had undergone epilepsy surgery and no pathology and postoperative outcome were available to be correlated with 7T imaging. Furthermore, our MR imaging comparison was based on visual, qualitative analysis. Nevertheless, we found substantially more and different information at 7T that we hope will be useful in future analyses of patients with polymicrogyria.
CONCLUSIONS
Ultra-high-field 7T imaging allows assessment of structural brain abnormalities that cannot be obtained from conventional MR imaging and represents an important tool for the diagnosis and characterization of polymicrogyria.
